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The o b j e c t i v e  o f  our  program is t h e  d e f i n i t i o n  and development o f  o p t i -  
m a l  methods f o r  e l e c t r o p h o r e t i c  s e p a r a t i o n s  in  m i c r o g r a v i t y .  Our 
approach is based  on a t r i a d  c o n s i s t i n g  o f  ground based  expe r imen t s ,  
ma themat i ca l  modeling and exper iments  in  m i c r o g r a v i t y .  Our methodol -  
ogy d i f f e r s  r a d i c a l l y  from t h a t  of McDonnell Douglas ,  who base  t h e i r  
cont inuous  f low e l e c t r o p h o r e s i s  a p p a r a t u s  on s o - c a l l e d  zone e l e c t r o -  
p h o r e s i s ,  w h i l e  our  approach is based  on i s o e l e c t r i c  focus ing .  
Zone e l e c t r o p h o r e s i s  i s  a r a t e  p r o c e s s ,  where s e p a r a t i o n  is  achieved in  
uniform b u f f e r s  on t h e  b a s i s  of d i f f e r e n c e s  in  e l e c t r o p h o r e t i c  mob i l i -  
t i e s .  I t  is  an  i n h e r e n t l y  l o w  r e s o l u t i o n  method,  mainly a p p l i c a b l e  t o  
s e p a r a t i o n  o f  c e l l s  and c e l l  o r g a n e l l e s .  In c o n t r a s t ,  i s o e l e c t r i c  
focus ing  is a n  equi l ibr ium p r o c e s s ,  components s e p a r a t i n g  accord ing  t o  
t h e i r  i s o e l e c t r i c  p o i n t s .  A pH g r a d i e n t  is n e c e s s a r y ,  u s u a l l y  a l s o  e s t -  
a b l i s h e d  e l e c t r o p h o r e t i c a l l y .  Focusing has  gained high f a v o r  f o r  p r o -  
t e i n  a n a l y s i s  because  o f  i t s  e x q u i s i t e  r e s o l u t i o n .  Our b a s i c  o b j e c t i v e  
is t o  a d a p t  t h i s  technique  f o r  l a r g e  s c a l e  p r o t e i n  s e p a r a t i o n .  
Opt imiza t ion  and modeling of  cont inuous f low e l e c t r o p h o r e s i s  mainly 
concern  t h e  hydrodynamics of t h e  f low p r o c e s s ,  i nc lud ing  g r a v i t y  dep-  
endent  f l u i d  convec t ion  due t o  d e n s i t y  g r a d i e n t s  and g r a v i t y -  indepen- 
d e n t  e l e c t r o o s m o s i s .  A background of  uniform n o n - i n t e r a c t i n g  b u f f e r  
system is g e n e r a l l y  assumed. Because o f  t h e  r o l e  o f  g r a v i t y  in  inducing 
n a t u r a l  convec t ion ,  t h e  p o t e n t i a l  b e n e f i t s  o f  o p e r a t i o n  i n  mic rograv i ty  
can be  e a s i l y  a s s e s s e d .  
Opt imiza t ion  of  focus ing  r e q u i r e s  a r a t h e r  d i f f e r e n t  and more complex 
model d e s c r i b i n g  t h e  m o l e c u l a r  t r a n s p o r t  p r o c e s s e s  involved  in  e l e c -  
t r o p h o r e s i s  of  i n t e r a c t i n g  s y s t e m s .  Our ma themat i ca l  model r e p r e s e n t s  
t h e  f i r s t  g e n e r a l i z e d  t h e o r y  of  e l e c t r o p h o r e s i s  and h a s  been e x t e n -  
s i v e l y  used  f o r  computer s i m u l a t i o n s .  
Three d i f f e r e n t  focus ing  i n s t r u m e n t s  were  des igned ,  embodying novel  
p r i n c i p l e s  of  f l u i d  s t a b i l i z a t i o n .  Thus, s o m e  of  t h e  f l u i d  dynamics 
problems o f  cont inuous f low e l e c t r o p h o r e s i s  cou ld  be  avoided.  F lu id  
s t a b i l i z a t i o n  h a s  been achieved by (1) f low s t r e a m l i n i n g  by means of 
membrane e l e m e n t s  i n  combination w i t h  r a p i d  f l u i d  r e c y c l i n g ;  (2) 
a p p a r a t u s  r o t a t i o n  in  combination w i t h  s a i d  membrane e l e m e n t s ;  and ( 3 )  
s h e a r  s t ress  induced by r a p i d  r e c y c l i n g  through a n a r r o w  gap channe l .  
133 
PRECEDING PAGE BLANK NOT FILMED 
https://ntrs.nasa.gov/search.jsp?R=19890010911 2020-03-20T03:56:20+00:00Z
One o f  our  major unknowns was t h e  a s ses smen t  of e l e c t r o o s m o s i s  i n  
p re sence  of pH g r a d i e n t s .  Expe r imen ta l ly ,  a l l  g round-based  methods 
suppres s ing  g r a v i t y  e f f e c t s  a l s o  seem t o  suppres s  e l e c t r o o s m o s i s .  
Microgravi ty  provides  a unique o p p o r t u n i t y  t o  decouple  t h e s e  t w o  
e f f e c t s ,  which was t h e  o b j e c t i v e  of ou r  l a s t  space exper iment  (Febru- 
a r y  1 9 8 4 ) .  While a t  f i r s t  p u z z l i n g ,  t h e  r e s u l t s  of  t h e  space  experiment  
have l e d  u s  t o  t h e  development of a much more comprehensive under -  
s t and ing  of  e l e c t r o o s m o s i s .  
We now s e e  t h e  c l a s s i c a l  e x p l a n a t i o n  o f  e l e c t r o o s m o s i s  w i t h  n i c e l y  
symmetr ica l  l amina r  f l o w  p a t t e r n s  as o n l y  an i d e a l i z e d  l i m i t e d  c a s e ,  
r e s t r i c t e d  t o  sys t ems  of uniform composi t ion a t  l o w  Reynolds numbers 
and low e l e c t r i c  power.  Any d e p a r t u r e  f r o m  t h e s e  cond i t ions  r e s u l t s  i n  
a f a r  more complex s e t  of f l u i d  i n s t a b i l i t i e s .  This r e l i z a t i o n  has  g r e -  
a t l y  f a c i l i t a t e d  t h e  des ign  of our  l a t e s t  ground-based p r o t o t y p e  i n -  
s t r u m e n t .  In  g e n e r a l ,  we have d i r e c t e d  our  space  exper iments  t o  s h a r -  
p l y  focused  s c i e n t i f i c  q u e s t i o n s ,  r a t h e r  t h a n  g e n e r a l i z e d  s e p a r a t i o n  
i n s t r u m e n t s .  
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I N T R O D U C T I O N  
This space  exper iment  h a s  been  rendered  p o s s i b l e  on ly  through c l o s e  c o l -  
l a b o r a t i o n  w i t h  s e v e r a l  t e c h n i c i a n s ,  s c i e n t i s t s  and a d m i n i s t r a t o r s  from 
NASA a t  M a r s h a l l .  U n f o r t u n a t e l y ,  t ime does n o t  p e r m i t  me t o  acknowledge 
a l l  of  them,  b u t  I must  s i n g l e  o u t  D r .  Robert  S .  Snyder ,  our  s c i ence  c o l -  
l a b o r a t o r  i n  t h i s  as i n  a l l  prev ious  space  exper iments  and M r .  Vaughn H .  
Y o s t ,  our  program c o o r d i n a t o r .  
Space e l e c t r o p h o r e s i s  was one of t h e  e a r l i e s t  components of  N A S A ' s  
endeavor t o  deve lop  t h e  b a s i s  f o r  a t echno log ic  u t i l i z a t i o n  of  micrograv-  
i t y .  This  i d e n t i f i c a t i o n  o f  e l e c t r o p h o r e s i s  a s  p o s s i b l y  b e n e f i t i n g  from 
o p e r a t i o n s  i n  mic rograv i ty  was eminent ly  c o r r e c t .  The whole development 
o f  e l e c t r o p h o r e t i c  metodology h a s  been  a f f e c t e d ,  whether  consc ious ly  o r  
unconsc ious ly ,  by t h e  need t o  n e u t r a l i z e  t h e  buyoancy r e s u l t i n g  f r o m  den-  
s i t y  g r a d i e n t s .  Densi ty  g r a d i e n t s ,  of c o u r s e ,  are n o t  a lways  d e s t r u c -  
t i v e ,  b u t  can a l s o  be u t i l i z e d  c o n s t r u c t i v e l y  a s  a s t a b i l i z i n g  mechanism, 
a s  i n  t h e  o r i g i n a l  T i s e l i u s  e l e c t r o p h o r e s i s  a p p a r a t u s .  Grav i ty  can  even 
be u t i l i z e d  a s  p a r t  o f  t h e  d r iv ing  f o r c e ,  a s  i n  e l e c t r o d e c a n t a t i o n  and 
e l e c t r o p h o r e s i s - c o n v e c t i o n .  
P e r s o n a l l y ,  I was p r i v i l e g e d  t o  be  p a r t  of  t h e  NASA e f f o r t  v i r t u a l l y  
s i n c e  i t s  i n c e p t i o n .  M o s t  of my e a r l i e r  p r o f e s s i o n a l  l i f e  had  been dedi -  
c a t e d  t o  p r e p a r a t i v e  e l e c t r o p h o r e s i s ,  i n  p a r t i c u l a r  t o  f o r c e d - f l o w  e l e c -  
t r o p h o r e s i s  - a v a r i a n t  of e l e c t r o d e c a n t a t i o n .  Thus,  I was p a r t i c u l a r l y  
s e n s i t i v e  t o  t h e  g r a v i t y  i s s u e .  N e v e r t h e l e s s ,  I had  concep tua l  problems 
w i t h  t h e  e f f o r t s  t o  deve lop  zone e l e c t r o p h o r e s i s  i n  s p a c e ,  r a t h e r  t h a n  
t h e  more s o p h i s t i c a t e d  techniques  of  i s o e l e c t r i c  focus ing  and i s o t a c h o -  
p h o r e s i s .  A b r i e f  e x p l a n a t i o n  of t h e s e  t h r e e  v a r i a n t s  of e l e c t r o p h o r e s i s  
is i n  o r d e r .  
Zone e l e c t r o p h o r e s i s  s e p a r a t e s  components accord ing  t o  d i f f e r e n c e s  in  
t h e i r  e l e c t r o p h o r e t i c  m o b i l i t y .  It r e q u i r e s  a uniform b u f f e r  i n  which t h e  
sample is t h e  on ly  d i s c o n t i n u i t y .  It is a r a t e  p r o c e s s ,  where sample 
zones broaden  w i t h  t i m e  due t o  d i f f u s i o n  and sample /bu f fe r  i n t e r a c t i o n s  
wi thou t  achiev ing  s t e a d y  s t a t e .  Because of i t s  i n h e r e n t l y  low r e s o l u -  
t i o n ,  it is  r a r e l y  used  f o r  p r o t e i n  s e p a r a t i o n s .  
I s o e l e c t r i c  focus ing  s e p a r a t e s  components accord ing  t o  t h e i r  i s o e l e c t r i c  
p o i n t .  I t  r e q u i r e s  b u f f e r s  capab le  of forming a s t a b l e  pH g r a d i e n t ,  e s t a -  
b l i s h e d  by t h e  e l e c t r i c  f i e l d .  A s e l f - s h a r p e n i n g  s t a t i o n a r y  s t e a d y  s t a t e  
is achieved i r r e s p e c t i v e  of t h e  s t a r t i n g  c o n d i t i o n s .  It is a h igh  r e s o l u -  
t i o n  method, wide ly  used f o r  p r o t e i n  and p e p t i d e  a n a l y s i s  and s e p a r a -  
t i o n s .  
I so t achophores i s  i s  a p rocess  i n  which t h e  sample c o n s t i t u e n t s  a r e  s o r t e d  
accord ing  t o  r e l a t i v e  n e t  m o b i l i t i e s  be tween a l ead ing  and a t e r m i n a t i n g  
e l e c t r o l y t e .  A s t e a d y  s t a t e  is ach ieved ,  a l l  sample zones m i g r a t i n g  a t  
t h e  same v e l o c i t y ,  w i t h  cont iguous s e l f - s h a r p e n i n g  boundar i e s .  While 
mainly used  f o r  t h e  a n a l y s i s  of  s m a l l  mo lecu la r  weight  i o n s ,  it o f f e r s  
i n t r i g u i n g  p o s s i b i l i t i e s  f o r  p r e p a r a t i v e  app l . i ca t ions .  
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RESEARCH APPROACH 
The choice between zone e l e c t r o p h o r e s i s  and i s o e l e c t r i c  focus ing  w i l l  
depend t o  a l a r g e  deg ree  on t h e  u l t i m a t e  purpose of t h e  space  f a c i l i t y .  
Zone e l e c t r o p h o r e s i s  o f f e r s  b e t t e r  c o n t r o l  of t h e  ion ic  composi t ion of  
t h e  b u f f e r  and is  compat ib le  wi th  s e p a r a t i o n  of l i v i n g  c e l l s .  I s o e l e c -  
t r i c  focus ing  is a more d r a s t i c  method,  where some c e l l s  may n o t  su rv ive  
t h e  t r e a t m e n t .  Thus,  f o r  c e l l s ,  zone e l e c t r o p h o r e s i s .  is t h e  method o f  
cho ice ,  wh i l e  f o r  p r o t e i n s  i s o e l e c t r i c  focus ing  is  o f t e n  p r e f e r a b l e .  
Our emphasis on i s o e l e c t r i c  focus ing  was p r e d i c a t e d  by ou r  v a l u e  judge-  
ment t h a t  p r o t e i n  and p e p t i d e  s e p a r a t i o n  p r e s e n t s  a more p r e s s i n g  need 
t h a n  c e l l  s e p a r a t i o n s .  Mainly,  t h e  r e l a t i o n  between f u n c t i o n  and cha rge  
is n o t  a s  c l e a r l y  e s t a b l i s h e d  f o r  c e l l s  a s  f o r  p r o t e i n s .  Our emphasis was 
t o  a l a r g e  degree  v a l i d a t e d  by t h e  exp los ive  growth and development  of 
g e n e t i c  engineer ing  in  t h e  l a s t  5 y e a r s .  This h a s  imposed e n t i r e l y  new 
demands on s e p a r a t i o n  s c i e n c e .  It h a s  a l s o  r ende red  p o s s i b l e  t h e  produc-  
t i o n  in  recombinant  sys t ems  of many p roduc t s  which were h i t h e r t o  d e r i v e -  
a b l e  on ly  from t i s s u e  c u l t u r e  of n a t u r a l  c e l l s .  In  f a c t ,  c lon ing  h a s  
r e p l a c e d  t h e  need f o r  c e l l  s e p a r a t i o n s  f o r  p roduc t ion  p u r p o s e s .  
Fu r the rmore ,  t h e r e  may be a t  p r e s e n t  a s u r f e i t  of work in  cont inuous  f low 
zone e l e c t r o p h o r e s i s ,  w i t h  independent programs in  United S t a t e s ,  Sov ie t  
R u s s i a ,  J a p a n ,  Germany and France .  Some may involve  d u p l i c a t i o n  o f  
e f f o r t .  We b e l i e v e  we a r e  t h e  on ly  group s e r i o u s l y  ded ica t ed  t o  t h e  a l t -  
e r n a t e  approaches  o f  i s o e l e c t r i c  focus ing  and i so t achophores i s  i n  space  
p r o c e s s i n g .  
The eng inee r ing  p r o f e s s i o n  h a s  given r e l a t i v e l y  l i t t l e  a t t e n t i o n  t o  e l e c -  
t r o p h o r e s i s ,  which was l a r g e l y  t h e  province of b iochemis t s .  Thus,  a t  t h e  
o n s e t  of our  work t h e r e  was only  a s u p e r f i c i a l  unde r s t and ing  of zone 
e l e c t r o p h o r e s i s ,  i s o e l e c t r i c  focus ing  and i s o t a c h o p h o r e s i s .  They were  
t r e a t e d  a s  s e p a r a t e  p r o c e s s e s  and d i scussed  in  models  o f  l i m i t e d  scope .  
Y e t ,  it was obvious t h a t  t h e y  a r e  b u t  d i f f e r e n t  a s p e c t s  of t h e  same p r o -  
c e s s  and t h a t  t h e y  cou ld  be desc r ibed  by a s i n g l e  s e t  of e q u a t i o n s .  
Thus,  t o  advance t h e  unders tanding  of e l e c t r o p h o r e s i s ,  one of our  f i r s t  
e f f o r t s  was t h e  development o f  t h e  f i r s t  g e n e r a l  ma themat i ca l  model 
based  on t h e  fundamenta ls  of t h e  f l u x  due t o  e l e c t r o m i g r a t i o n  and d i f f u -  
s i o n ,  c o n s e r v a t i o n  of  mass and c h a r g e ,  e l e c t r o n e u t r a l i t y ,  and s o l -  
v e n t / s o l u t e  i n t e r a c t i o n s  due t o  ionic  d i s s o c i a t i o n  e q u i l i b r i a .  A computer  
s i m u l a t i o n  program h a s  been developed which p r e d i c t s  t h e  behavior  of 
m o s t  e l e c t r o p h o r e t i c  s y s t e m s ,  which a r e  seen  t o  d i f f e r  o n l y  in  t e rms  of 
i n i t i a l  and boundary c o n d i t i o n s .  
Expe r imen ta l ly ,  t h e  r e c y c l i n g  i s o e l e c t r i c  focus ing  a p p a r a t u s  (RIEF) was 
c o n s t r u c t e d ,  based  on a novel  r e c y c l i n g  p r i n c i p l e .  Advantage is t a k e n  of 
t h e  f a c t  t h a t  i n  focus ing  t h e  f i n a l  s t e a d y  s t a t e  is independent  of t h e  i n -  
i t i a l  s t a t e .  F l o w  s t a b i l i z a t i o n  h a s  been achieved by i n s e r t i n g  an a r r a y  of 
s c r e e n  e l emen t s  i n t o  t h e  focus ing  chamber.  The f l u i d  dynamics o f  t h i s  
a p p a r a t u s  is e n t i r e l y  d i f f e r e n t  from t h a t  o f  t h e  conven t iona l  cont inuous 
f low zone e l e c t r o p h o r e s i s  i n s t r u m e n t .  
The s c r e e n  e l e m e n t s ,  a c t u a l l y  nylon  monofilament s c r e e n s  of  1 micron 
p o r o s i t y ,  coupled  t o  r a p i d  r e c i r c u l a t i o n ,  have s o l v e d  n o t  o n l y  t h e  major 
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problem of g r a v i t y  d r iven  convec t ion  b u t  have a l s o  a p p a r e n t l y  abo l i shed  
w a l l  e l e c t r o o s m o s i s .  On t h e  o t h e r  hand,  t h e  R I E F  h a s  c e r t a i n l y  n o t  
s o l v e d  a l l  t h e  problems of  e f f e c t i v e  i s o e l e c t r i c  focus ing .  Thus,  t h e r e  
was a s t r o n g  i n c e n t i v e  t o  develop a focus ing  a p p a r a t u s  embodying t h e  t h i n  
f i l m  p r i n c i p l e  of  f l u i d  s t a b i l i z a t i o n  employed i n  t h e  cont inuous  f low 
zone e l e c t r o p h o r e s i s  i n s t r u m e n t s .  The major unknown f o r  t h e  des ign  and 
op t imiza t ion  of  such an appa ra tus  was the  r o l e  of e l e c t r o o s m o s i s  i n  i s o e -  
1 e c t r i c  focus  ing  . 
ELECTROOSMOSIS 
C l a s s i c a l  hydrodynamic t r eamen t  of e l e c t r o o s m o s i s  in  c l o s e d  round tubes  
p r e d i c t s  t h e  development  of an a x i a l l y  symmetric l amina r  r e c i r c u l a t i o n  
f low p a t t e r n  w i t h  a p a r a b o l i c  f low v e l o c i t y  d i s t r i b u t i o n  a c r o s s  t h e  t u b e .  
This h a s  been  r e p e a t e d l y  v e r i f i e d  expe r imen ta l ly  through microscope 
e l e c t r o p h o r e s i s .  This involves  v i s u a l  measurement of t h e  mig ra t ing  v e l o -  
c i t y  of p a r t i c l e s  i n  a d . c .  e l e c t r i c  f i e ' l d  a t  d i f f e r e n t  r a d i a l  d i s t a n c e s  
of t h e  t u b e .  The v e l o c i t i e s  d e s c r i b e  a p a r a b o l a ,  t h e  t r u e  m o b i l i t y  o f  t h e  
p a r t i c l e  be ing  de termined  a t  t h e  s o - c a l l e d  s t a t i o n a r y  l e v e l .  In f l a t  
r a t h e r  t h a n  round c e l l s ,  t h e  same p a r a b o l i c  p r o f i l e  i s  obse rved ,  though 
t h e  s t a t i o n a r y  l e v e l  i s  presumed t o  be l o c a t e d  a t  a somewhat d i f f e r e n t  
depth  . 
In t h e  above measurements ,  t h e  a p p a r a t u s  is t y p i c a l l y  f i l l e d  w i t h  a homo- 
geneous b u f f e r ,  w i t h  t h e  e l e c t r o d e s  s u f f i c i e n t l y  f a r  removed from t h e  
o b s e r v a t i o n  p o i n t  t o  p r e c l u d e  changes in  e l e c t r o l y t e  c o n c e n t r a t i o n  o r  
composi t ion.  Thus ,  it is a l s o  assumed t h a t  t h e  e l e c t r i c  charge  a t  t h e  
w a l l s  of t h e  tube  is uni form,  t h i s  so-c :a l led  z e t a  p o t e n t i a l  giving r i s e  
t o  e l e c t r o o s m o s i s .  
U n f o r t u n a t e l y ,  i n  f o c u s i n g ,  t h e  pH g r a d i e n t s  a f f e c t s  n o t  on ly  t h e  mobi l -  
i t y  of t h e  p a r t i c l e  b u t  a l s o  t h e  z e t a  p o t e n t i a l  of t h e  w a l l s  of  t h e  v e s s e l  
a s  w e l l  a s  t h e  l o c a l  e l e c t r i c  f i e l d .  Thus,  microscope e l e c t r o p h o r e s i s  
cannot  y i e l d  in fo rma t ion  on t h e  ex ten . t  and r o l e  o f  e l e c t r o o s m o s i s  i n  
i s o e l e c t r i c  f o c u s i n g .  In f a c t ,  a l l  ground-based methods of  i s o e l e c t r i c  
focus ing  r e q u i r e  t h e  a b o l i t i o n  of  n a t u r a l  convec t ion  due t o  g r a v i t y  and 
t h u s  seem a l s o  t o  a b o l i s h  e l e c t r o o s m o s i s .  
M I C  ROGRAVITY APPARATUS 
Microgravi ty  seemed t o  o f f e r  a unique oppor tun i ty  t o  decouple  g r a v i t y  
d r iven  convec t ion  from t h e  e l e c t r i c a l l y  d r iven  e l e c t r o o s m o s i s .  An appa r -  
a t u s  h a s  been designed f o r  t h e  middeck l o c k e r s ,  i n c o r p o r a t i n g  8 focus ing  
c e l l s ,  an  autonomous power supply  and ,a camera f o r  t h e  r eco rd ing  of  t h e  
focus ing  p r o c e s s .  Three p r o t e i n s  were  t o  be s e p a r a t e d  by focus ing ,  HbA 
and HbC, t w o  g e n e t i c  v a r i a n t s  of human hemoglobin,  w i t h  i s o e l e c t r i c  
p o i n t s  a t  pH 7 . 0  and 7 . 3 5 ,  and human albumin,  i s o e l e c t r i c  p o i n t  4 . 8 .  The 
albumin was s t a i n e d  b l u e  wi th  Bromphenol Blue and t h e  hemoglobins s a t u -  
r a t e d  w i t h  ca rbon  monoxide f o r  increaseld s t a b i l i t y .  
S e v e r a l  c o n s t r a i n t s  had  t o  be observed:  coo l ing  of t h e  c e l l s  was n o t  
p r a c t i c a l ,  t h u s  focus ing  a t  low power input  had t o  be adop ted .  A novel  
non-gas ing  e l e c t r o d e  system had t o  be deve loped ,  inc luding  a pal ladium 
e l e c t r o d e  f o r  hydrogen adso rp t ion  and a p a l l a d i u m - s i l v e r  h a l f - c e l l  f o r  
oxygen a d s o r p t i o n .  Two-week s t a b i l i t y  of t h e  p r o t e i n s  had  t o  be a s s u r e d ,  
137 
r e q u i r i n g  t h e  add i t ion  of b a c t e r i o s t a t i c  and fung ic ide  a g e n t s ,  a s  w e l l  a s  
pH a d j u s t m e n t .  The e f f e c t  o f  t h e  long  incubat ion  on t h e  pal ladium e l e c -  
t r o d e s  r e q u i r e d  a g r e a t  d e a l  of  a t t e n t i o n .  
A l l  f e a t u r e s  of t h e  space  experiment  were s t u d i e d  e x t e n s i v e l y  us ing  a 
ground-based s i m u l a t o r  o f  mic rograv i ty  . This inco rpora t ed  a mechanism 
f o r  r o t a t i o n  of  t h e  c e l l  a s sembl i e s  around t h e i r  h o r i z o n t a l  a x i s .  The 
cont inuous change o f  t h e  d i r e c t i o n  of  t h e  g r a v i t y  v e c t o r  is known t o  
pe rmi t  a deg ree  of  convec t ive  s t a b i l i z a t i o n .  
A number o f  o t h e r  v a r i a n t s  were  t o  be t e s t e d :  
Convent ional  focus ing  u t i l i z e s  c a r r i e r  ampholytes  s p e c i f i c a l l y  s y n t h e -  
s i z e d  t o  g e n e r a t e  s t a b l e  pH g r a d i e n t s .  Best  known is  Ampholine, a p r o -  
d u c t  of  LKB of  Bromma, Sweden. Because such  c a r r i e r  ampholytes  a r e  of 
u n s p e c i f i a b l e  chemical  composi t ion,  we have ded ica t ed  a g r e a t  p a r t  o f  o u r  
s i m u l a t i o n  s t u d i e s  t o  t h e  development of  s u i t a b l e  focus ing  b u f f e r s  us ing  
s imple  e l e c t r o l y t e s  of  known chemical  composi t ion.  While Ampholines 
c r e a t e  a n e a r  l i n e a r  pH g r a d i e n t ,  s e v e r a l  t h r e e  component mix tu re  can be  
u t i l i z e d  t o  c r e a t e  s h a r p  s t e p - g r a d i e n t s ,  which w i l l  r e s o l v e  t h e  albumin 
f r o m  t h e  hemoglobins .  Because of t h e i r  s h a r p e r  c o n c e n t r a t i o n  g r a d i e n t s  
t h e y  a r e  a l s o  l i k e l y  t o  e x h i b i t  g r e a t e r  convec t ive  d i s t u r b a n c e s .  Thus,  we 
decided t o  t e s t  bo th  b u f f e r i n g  sys tems in  space .  
NASA had  developed  q u i t e  e f f e c t i v e  a n t i - e l e c t r o o s m o s i s  c o a t i n g s ,  b u t  
t h e s e  were  never  t e s t e d  i n  a focus ing  a r r angemen t .  Thus,  t h e  space  
exper iment  r e p r e s e n t e d  an oppor tun i ty  t o  e v a l u a t e  t h e i r  e f f e c t i v e n e s s ,  
though q u e s t i o n s  r ega rd ing  c o a t i n g  s u r v i v a l  dur ing  pro longed  incubat ion  
in  Ampholine were  u n r e s o l v e d .  
A s  f i n a l  d e s i g n ,  focus ing  chambers were  t u b e s ,  4 . 5  c m  i n  l e n g t h ,  w i t h  an 
i n t e r n a l  d i ame te r  of  0 . 6 2 5  cm. T w o  b a s i c  des igns  were  u t i l i z e d :  e i t h e r  a 
s i n g l e  g l a s s  tube  o f  t h e  r e q u i s i t e  l e n g t h ,  o r  a s e r i e s  o f  14 c o n c e n t r i c  
g l a s s  r i n g s ,  each  0 . 3 2  cm in l e n g t h ,  f o r  t h e  same t o t a l  l e n g t h .  These 
r i n g s  c o u l d  b e  assembled  in  t h r e e  m o d a l i t i e s ,  w i t h  monofi lament  s c r e e n s ,  
my la r  c o n s t r i c t o r s  w i t h  a n  opening of h a l f  t h e  i n t e r n a l  d i ame te r  o f  t h e  
g l a s s  r i n g s ,  o r  my la r  s p a c e r s  of same i n t e r n a l  d i ame te r  as t h e  g l a s s  
r i n g s .  A l l  a s s e m b l i e s  were  housed in  p l e x i g l a s s  b l o c k s  con ta in ing  t h e  
r e q u i s i t e  a c c e s s o r i e s  and a s s u r i n g  l e a k - p r o o f  s t o r a g e .  
The r a t i o n a l e  f o r  t h e  s c r e e n s  is t h e i r  e f f e c t i v e n e s s  f o r  f low s t a b i l i z a -  
t i o n  i n  t h e  RIEF a p p a r a t u s .  They a l s o  proved e f f e c t i v e  i n  t h e  r o t a t i n g  
mic rograv i ty  s i m u l a t o r .  Thus,  t h e  c e l l  w i th  s c r e e n s  was most  l i k e l y  t o  
r e s u l t  i n  good f o c u s i n g .  
The myla r  c o n s t r i c t o r s  were  used  a s  a t e s t  of t h e  hypo thes i s  t h a t  d i s r u p -  
t i o n  o f  t h e  smooth b o r e  tube  w i t h  p r o t r u d i n g  p a r t i t i o n s  may d e c r e a s e  
e l e c t r o o s m o s i s .  This proved t o  be t h e  c a s e  in  t h e  mic rograv i ty  s i m u l a t o r  
and h a s  been  a l s o  e x t e n s i v e l y  s t u d i e d  through computer s i m u l a t i o n .  
The t h i r d  c o n f i g u r a t i o n  w i t h  mylar  s p a c e r s  of same i n t e r n a l  d i ame te r  a s  
t h e  g l a s s  r i n g s  was inc luded  as a c o n t r o l  f o r  t h e  e f f e c t s  o f  s l i c i n g  t h e  
g l a s s  t u b e  i n t o  ind iv idua l  r i n g s .  
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The f i n a l  assembly  o f  t h e  e i g h t  focus ing  c e l l s  were a s  f o l l o w s :  
Amphol ine  - f i l l e d  : 
C e l l  1: 
C e l l  2 :  
C e l l  3 :  Rings,  s e p a r a t e d  by n o n - c o n s t r i c t i n g  myla r  s p a c e r s .  
C e l l  4 :  
C e l i  5 :  
S ing le  g l a s s  t u b e ,  uncoated .  
S ing le  g l a s s  t u b e ,  a n t i - e l e c t r o o s ~ m o s i s  c o a t e d .  
Rings,  s e p a r a t e d  by nylon monofilament s c r e e n s .  
Rings,  s e p a r a t e d  by c o n s t r i c t i n g  mylar  s p a c e r s .  
3-component b u f f e r  sys t em:  
C e l l  6 :  
C e l l  7 :  
C e l l  8 :  
S ing le  g l a s s  t u b e ,  uncoated  
S ing le  g l a s s  t u b e ,  a n t i - e l e c t r o o s m o s i s  c o a t e d .  
Rings,  s e p a r a t e d  by c o n s t r i c t i n g  mylar  s p a c e r s .  
A l l  c e l l s  were  t o  b e  focused  a t  75 v o l t s  d c ,  g e n e r a t e d  by a s e t  of  b a t -  
t e r i e s .  The space  module had p rov i s ions  t o  d i s p l a y  t h e  c u r r e n t  th rough 
each  c e l l .  Focusing r e s u l t s  i n  a g r a d u a l  d e c r e a s e  o f  c o n d u c t i v i t y  o f  t h e  
s o l u t i o n ,  t h u s  t h e  s o l i d  s t a t e  ammeters were t o  give q u a n t i t a t i v e  ind ica -  
t i o n  o f  t h e  p r o g r e s s  of  focus ing .  T y p i c a l l y ,  i n  good f o c u s i n g ,  such a s  i n  
polyacry lamide  g e l s ,  t h e  c u r r e n t  f a l l s  t o  abou t  10% o f  s t a r t i n g  v a l u e .  
Our l a b o r a t o r y  h a s  designed and c o n s t r u c t e d  a l l  t h e  c e l l s  and f u r n i s h e d  
t o  NASA a t  M a r s h a l l ,  a b read -boa rd  a r rangement  of t h e  f i n a l  assembly .  
M a r s h a l l  h a s  c o n s t r u c t e d  t h e  f l i g h t  i n s t rumen t  and provided  a l l  t h e  
r e q u i s i t e  t e s t i n g .  D r .  Robert  Snyder of  M a r s h a l l  h a s  provided t h e  a n t i -  
e l e c t r o o s m o s i s  c o a t i n g  t o  s e l e c t e d  c e l l s  and h a s  been  our  m o s t  v a l u a b l e  
c o l l a b o r a t o r  t h roughou t  t h e  exper iment .  
PREFLIGHT GROUND BASED TESTING 
P r e f l i g h t  t e s t i n g  f i r s t  r e q u i r e d  t h e  development o f  t h e  r o t a t i n g  micro-  
g r a v i t y  s i m u l a t o r .  A f t e r  i t s  s a t i s f a c t o r y  o p e r a t i o n  w a s  e s t a b l i s h e d ,  it 
was a l s o  n e c e s s a r y  t o  s p e c i f y  t h e  cond i t ions  f o r  t h e  f l i g h t .  This i n -  
vo lved  : 
1. Development of t h e  two s o l u t i o n s ,  Amplholine and b u f f e r ,  o f f e r i n g  com- 
p l e t e  focus ing  w i t h i n  t h e  o p e r a t i o n a l  pa rame te r s  o f  t h e  space  a p p a r a t u s  
(90 minutes  a t  75 v o l t s ) ,  consonant  w i t h  s t a b i l i t y  of  t h e  p r o t e i n s  dur ing  
pro longed  incuba t ion  a t  room t e m p e r a t u r e .  
2 .  Condi t ioning o f  t h e  pal ladium e lec t rod . e s  t o  provide  non-gas ing  s e r v i c e  
dur ing  t h e  e n t i r e  focus ing  p e r i o d .  This proved t o  be a p a r t i c u l a r l y  d i f f i -  
c u l t  p roblem.  
3 .  F i l l i n g  of t h e  ind iv idua l  c e l l s  w i t h  cclmplete exc lus ion  o f  a i r  bubb les .  
A l l  e i g h t  c e l l  c o n f i g u r a t i o n s  were r e p e a t e d l y  t e s t e d  in  t h e  r o t a t o r ,  w i t h  
r e s u l t s  a s  f o l l o w s :  
A s  e x p e c t e d ,  b e s t  s e p a r a t i o n  was achieved in  t h e  a p p a r a t u s  i f  f i l l e d  w i t h  
a po lyacry lamide  g e l .  Not o n l y  were a l l  t h r e e  p r o t e i n s ,  a lbumin ,  HbA and 
HbC c l e a r l y  s e p a r a t e d ,  b u t  t h e r e  were a l s o  v i s i b l e  t w o  s m a l l e r  bands of 
o t h e r  hemoglobin v a r i a n t s .  This s e p a r a t f o n  was our  s t a n d a r d  of compari-  
son .  
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The c e l l s  w i t h  t h e  nylon  s c r e e n s  showed good s e p a r a t i o n  of albumin from 
t h e  hemoglobins ,  e s s e n t i a l l y  each p r o t e i n  occupying one g l a s s  r i n g .  The 
t w o  hemoglobins were n o t  s e p a r a t e d .  
Second b e s t  s e p a r a t i o n s  were obta ined  in  t h e  c e l l s  w i t h  t h e  myla r  con-  
s t r i c t o r s .  While much m o r e  d i f f u s e  than  in  t h e  c e l l s  w i t h  t h e  nylon  
s c r e e n s ,  s e p a r a t e  zones of hemoglobins and albumins were  r o u t i n e l y  
o b t a i n a b l e .  
No u s e f u l  s e p a r a t i o n s  were  s e e n  in  u n p a r t i t i o n e d  g l a s s  t u b e s  due t o  obvi-  
ous convec t ive  mixing. Antiosmotic  c o a t i n g  had no n o t i c e a b l e  e f f e c t  and 
t h e  b u f f e r  s o l u t i o n  and Ampholine gave comparable r e s u l t s .  
Thus,  t h e  space  experiment  was s o  designed a s  t o  o f f e r  t h e  p o s s i b i l i t y  of 
improved s e p a r a t i o n  a t  a l l  l e v e l s  of  ground-based per formance ,  a s  none 
o f  t h e  ground-based t e s t s  showed t h e  r e s o l u t i o n  o f  t h e  polyacry lamide  
g e l .  
COMPUTER M O D E L I N G  OF ELECTROOSMOSIS I N  SEGMENTED CELLS 
In coope ra t ion  w i t h  P r o f .  S a v i l l e  of P r ince ton  U n i v e r s i t y ,  a model was 
c o n s t r u c t e d  p r e d i c t i n g  t h e  e l e c t r o o s m o t i c  f l u i d  f l o w  w i t h  p a r t i t i o n s  o f  
va r ious  g e o m e t r i e s .  This model h a s  been e x t e n s i v e l y  e x e r c i s e d  and h a s  
p r e d i c t e d  a gain  in  dec reased  e l e c t r o o s m o s i s  a t  c o n s t a n t  power.  The con-  
s t r i c t o r s  obvious ly  cause  l o c a l  r e c i r c u l a t i n g  eddies  and b r e a k  up t h e  
g l o b a l  r e c i c r c u l a t i o n  c h a r a c t e r i s t i c  of p l a i n  t u b e s .  The model assumed 
c o n s t a n t  composi t ion and z e t a  p o t e n t i a l  a s  t h e i r  v a r i a t i o n  i n  i s o e l e c t r i c  
focus ing  is unknown. The p r e d i c t e d  improvement by t h e  model was f u l l y  
suppor t ed  by expe r imen ta l  r e s u l t s ,  b u t  was r e l a t i v e l y  modes t .  Unfo r tu -  
n a t e l y ,  t h e  b a s i c  problem of  t h e  c h a r a c t e r i s t i c s  o f  e l e c t r o o s m o s i u s  in  
i s o e l e c t r i c  focus ing  remained unsolved .  
SPACE RESULTS 
The a p p a r a t u s  per formed i n  space a s  des igned ,  giving u s  an  e x c e l l e n t  
r e c o r d  of  t h e  mig ra t ion  of  t h e  c o l o r e d  p r o t e i n s .  T h i r t y  photographs  a t  2 
min. i n t e r v a l s  were  t aken  dur ing  t h e  f i r s t  60 minu tes ,  f o l l o w e d  by 1 0  
photographs  a t  3 min. i n t e r v a l s .  
The focus ing  is b e s t  r e p r e s e n t e d  by t h e  p l o t s  of  t h e  changes of  measured 
c u r r e n t s  w i t h  t i m e .  As expec ted ,  f a s t e s t  dec rease  i n  c u r r e n t  was s e e n  in  
t h e  c e l l  w i t h  nylon  s c r e e n s ,  f o l l o w e d  by t h e  two c e l l s  w i t h  myla r  con-  
s t r i c t o r s .  The r e s u l t s ,  however ,  were n o t  n o t i c e a b l y  b e t t e r  t h a n  t h o s e  
o b t a i n a b l e  in  t h e  mic rograv i ty  s i m u l a t o r .  T o  t h e  c o n t r a r y ,  wh i l e  hemo- 
g lob in  was w e l l  focused  in  t h e  s c r e e n  c e l l ,  t h e  albumin was much l e s s  
w e l l  focused  t h a n  r o u t i n e l y  o b t a i n a b l e  on t h e  ground.  The r e a s o n  f o r  
t h i s  is  n o t  c l e a r  and may have been i n c i d e n t a l .  Resolu t ion  o f  HbA and HbC 
was n o t  s e e n .  Thus,  wh i l e  we did n o t  o b t a i n  t h e  expec ted  improvement,  t h e  
p a r t i t i o n e d  c e l l s  d id  n o t  r e v e a l  any unexpected r e s u l t s .  
Q u i t e  t o  t h e  c o n t r a r y ,  t h e  focus ing  in  t h e  f o u r  c e l l s  w i t h  u n p a r t i t i o n e d  
g l a s s  t u b e s  exh ib i t ed  a comple t e ly  unexpected behav io r .  For t h e  f i r s t  20 
minu tes ,  t h e r e  was a r ap id  d e c r e a s e  in  c u r r e n t ,  r e f l e c t i n g  good focus ing .  
S h o r t l y  t h e r e a f t e r ,  a l l  f o u r  c e l l s  ( 2  w i t h  Ampholine and 2 w i t h  t h e  
3-component b u f f e r )  showed a sudden r e v e r s a l  of  t h e  focus ing  p r o c e s s  a s  
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s e e n  from a s t e a d i l y  inc reas ing  c u r r e n t .  Moreover ,  t h e  photographic  
r e c o r d  ind ica t ed  a c o i n c i d e n t a l  sudden appearance of r a p i d  i n t e r n a l  f low 
- t a k i n g  t h e  shape  of a p r o t r u d i n g  f i n g e r .  Consider ing t h e  3-component 
m i x t u r e ,  t h e  r e v e r s a l  occu r red  between 20 and 2 2  minutes  of  focus ing  in  
t h e  uncoa ted  c e l l  and 2 minutes  l a t e r  i n  t h e  c o a t e d  c e l l .  This  d e l a y  is a 
r a t h e r  good evidence t h a t  t h i s  d i s tu rbance  was n o t  due t o  an e x t e r n a l  
shock t o  t h e  a p p a r a t u s ,  b u t  was caused by i n t e r n a l  f a c t o r s .  
POSTFLIGHT ANALYSIS 
T w o  e l emen t s  o f  t h e  f l i g h t  experiment  appeared m o s t  d i s t u r b i n g :  (1) t h e  
r a p i d  r a t e  o f  g rowth  o f  t h e  p ro t rud ing  ' f i n g e r ' .  The r a t e  was of  t h e  
o r d e r  of  cm/min, which appeared  t o o  f a s t  f o r  e l e c t r o o s m o s i s ;  (2) t h e  
f a c t  t h a t  t h e  mixing,  f i r s t  s i g n a l e d  by t h e  appearance  of t h e  f i n g e r ,  con-  
t i nued  unabated  f o r  t h e  n e x t  70  minu tes .  Thus,  t h e  c u r r e n t  th rough a l l  
f o u r  c e l l s  g r a d u a l l y  reached  o r  even exceeded t h e  i n i t i a l  c u r r e n t  a t  t h e  
s t a r t  of t h e  focus ing .  
C a r e f u l  review o f  p r e f l i g h t  d a t a  f a i l e d  t o '  r e v e a l  s i m i l a r  r e s u l t s .  More -  
o v e r ,  d e s p i t e  i n t e n s e  e f f o r t s ,  it proved t o  be  imposs ib le  t o  d u p l i c a t e  
e i t h e r  o f  t h e  t w o  phenomena i n  a v a r i e t y  of o p e r a t i o n a l  modes,  whether  i n  
t h e  r o t a t i n g  mic rograv i ty  s i m u l a t o r  o r  s t a t i o n a r y  o p e r a t i o n .  It became 
e v i d e n t ,  however ,  t h a t  dec reas ing  t h e  diarneter o f  t h e  t u b e s  improved t h e  
focus ing  p r o c e s s .  Thus,  w i t h  g l a s s  t u b e s  of .23 c m  d i ame te r  o r  s m a l l e r ,  
good focus ing  was ob ta ined  even in  u n p a r t i t i o n e d  t u b e s ,  p rovided  r o t a t i o n  
is ma in ta ined .  
In f a c t ,  e l e c t r o o s m o s i s  may n o t  have been, t h e  o n l y  d r iv ing  f o r c e  f o r  t h e  
convec t ion  observed  in  s p a c e .  It is ce r t a . i n  t h a t  t h e  n a t u r e  of t h e  f low 
changed in  space  a f t e r  approximate ly  20 minutes  of  focus ing .  P r o t e i n  
focus ing  r e s u l t s  i n  fo rma t ion  of  s h a r p  g r a d i e n t s  o f  conduc t iv i ty  a s  w e l l  
a s  o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l u t i o n .  I t  is w e l l  known ( e . g . ,  J.R. 
Melcher and G . I .  T a y l o r ,  Ann. Rev. F lu id  Mech. 1 , 1 1 1 , 1 9 6 9 )  t h a t  e l e c t r i c  
f i e l d s  can induce e lec t rohydrodynamic  body f o r c e s  due t o  g r a d i e n t s  of t h e  
d i e l e c t r i c  c o n s t a n t  o f  t h e  medium. This has  been obse rved ,  however ,  o n l y  
in  mix tu res  of  immiscible  s o l v e n t s ,  n o t  in. aqueous sys tems w i t h o u t  i n t e r -  
f a c e s .  
We a r e  p r e s e n t l y  e v a l u a t i n g  expe r imen ta l ly  and through computa t ion  t h i s  
p o s s i b i l i t y .  Expe r imen ta l ly ,  t h e  e f f e c t  d i f f e r s  f r o m  e l e c t r o o s m o s i s  i n  
two i m p o r t a n t  r e s p e c t s :  (1) it is p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  
imposed e l e c t r i c  f i e l d ,  and ( 2 )  AC o r  DC f i e l d s  a r e  e q u a l l y  e f f e c t i v e ,  
provided t h e  g r a d i e n t  is f i r s t  g e n e r a t e d  through DC c u r r e n t s .  I f  v e r i f i e d ,  
it would demons t r a t e  a new e l e c t r o k i n e t i c  phenomenon, n o t  p rev ious ly  
a s s o c i a t e d  w i t h  e l e c t r o p h o r e s i s .  It cou ld  conven ien t ly  accoun t  f o r  t h e  
observed  d e l a y  in  t h e  o n s e t  of t u r b u l e n c e  in  s p a c e ,  as having been neces -  
s a r y  f o r  t h e  fo rma t ion  of  t h e  g r a d i e n t .  
This p o i n t s  o u t  t h e  importance of t h e  mic rograv i ty  experiment  which was 
t h e  f i r s t  t o  r e v e a l  t h i s  e f f e c t .  We know a s  y e t  v e r y  l i t t l e  about  i t s  
s c a l i n g  when c r i t i c a l  dimensions a r e  l a r g e r  t h a n  t h o s e  used i n  microscope 
e l e c t r o p h o r e s i s .  
We must  assume,  however ,  t h a t  t h e  g l o b a l ,  w e l l  o r d e r e d  and laminar  f l u i d  
behavior  desc r ibed  i n  u s u a l  tex tbooks  is b u t  a l i m i t i n g  c a s e .  Drawing a 
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p a r a l l e l  between l amina r  and t u r b u l e n t  p r e s s u r e  d r iven  f l o w s ,  we can  
a l s o  p o s t u l a t e  a t u r b u l e n t  phase of e l e c t r o k i n e t i c a l l y  d r iven  f l o w s ,  
whether  due t o  e l e c t r o o s m o s i s  o r  e lec t rohydrodynamics .  Turbulence w i l l  
be f a c i l i t a t e d  by s e v e r a l  f a c t o r s :  inhomogeneity of composi t ion ,  l a r g e  
c r i t i c a l  dimensions and high e l e c t r i c a l  f i e l d .  
To t e s t  our  hypo thes i s  a s e r i e s  o f  o t h e r  c e l l  geometr ies  were p r e p a r e d  
f o r  t h e  n e x t  space  f l i g h t ,  which w a s  supposed t o  t a k e  p l a c e  i n  March 
1 9 8 6 .  The u n f o r t u n a t e  Chal lenger  d i s a s t e r  h a s  imposed an unavoidable  
d e l a y .  
POSITIVE FALL-OUT OF THE SPACE EXPERIMENT 
As a r e s u l t  o f  t h e  e f f e c t i v e n e s s  o f  t h e  mic rograv i ty  s i m u l a t o r ,  a new 
a p p a r a t u s  f o r  ground-based p r e p a r a t i v e  focus ing  was developed.  Dubbed 
ROTOFOR, it compr ises  a c y l i n d r i c a l  body divided i n t o  twenty  subcompar t -  
ments  by a p a r a l l e l  a r r a y  o f  ny lon  s c r e e n  e l e m e n t s .  The t o t a l  c a p a c i t y  
of t h e  a p p a r a t u s  is 40 m l .  J o u l e  h e a t  is d i s s i p a t e d  through a c e n t r a l  
c o l d - f i n g e r .  The r e s o l u t i o n  is comparable  t o  t h a t  o b t a i n a b l e  in  t h e  R I E F  
a p p a r a t u s ,  b u t  t h e  priming volume is s i g n i f i c a n t l y  s m a l l e r .  The p a t e n t  
f o r  t h e  a p p a r a t u s  h a s  been a s s igned  t o  t h e  Un ive r s i ty  o f  Arizona and 
l i c e n s e d  t o  B I O - R A D  of  Richmond, Ca. 
A second ground-based  a p p a r a t u s  has  been a l s o  comple t ed ,  t h i s  ach iev ing  
remarkable  f l u i d  s t a b i l i t y  a s  a r e s u l t  of r a p i d  r e c i r c u l a t i o n  of p r o c e s s  
f l u i d  th rough  a narrow channel  between t w o  p a r a l l e l  p l a t e s .  It is  e s s e n -  
t i a l l y  an a d a p t a t i o n  of  cont inuous f low zone e l e c t r o p h o r e s i s  a p p a r a t u s  
t o  t h e  r e c y c l i n g  p r i n c i p l e  o f  focus ing .  
This a p p a r a t u s  is of c o n s i d e r a b l e  t h e o r e t i c a l  i n t e r e s t :  it h a s  c l e a r l y  
demons t r a t ed  t h e  e x i s t a n c e  o f  laminar  a s  w e l l  as t u r b u l e n t  e l e c t r o k i -  
n e t i c  f l o w s .  A t  any given r e c y c l i n g  r a t e  t h e r e  appea r s  t o  be a s h a r p  
t h r e s h h o l d  o f  e l e c t r i c  p o t e n t i a l  above which t h e  f l o w  becomes t u r b u l e n t .  
The s h e a r  induced by t h e  r a p i d  flow is e s s e n t i a l  f o r  f l u i d  s t a b i l i z a t i o n :  
t h e  h i g h e r  t h e  s h e a r  t h e  h ighe r  t h e  t h r e s h h o l d .  A t  a h igh  r e c y c l i n g  r a t e  
and h igh  v o l t a g e ,  t h e  i n t e r r u p t i o n  of t h e  f low causes  a n e a r  exp los ive  
ou tb reak  of  t u r b u l e n c e .  
From a p r a c t i c a l  po in t  o f  view,  t h i s  new a p p a r a t u s  has  an advantage  over  
t h e  R I E F  and t h e  ROTOFOR s i n c e  it l a c k s  t h e  s c r e e n  e l e m e n t s .  These a r e  
s u b j e c t  t o  f o u l i n g  f r o m  p r e c i p i t a t i n g  p r o t e i n s .  Thus,  t h e  new a p p a r a t u s ,  
r e f e r r e d  t o  as Recycl ing Free F l o w  Focusing (RF3) is m o r e  t o l e r a n t  of  
p r e c i p i t a t i o n  and can a l s o  be used f o r  t h e  focus ing  o f  p a r t i c u l a t e  
m a t t e r ,  such  as c h l o r o p l a s t s .  
FUTURE D I R E C T I O N S  
A s  a r e s u l t  of  t h e  space  exper iment ,  two new ground-based i n s t r u m e n t s  
have been  developed .  A f a r  b e t t e r  i n s i g h t  i n t o  e l e c t r o k i n e t i c  phenomena 
has  been ga ined .  It remains t o  be s e e n  i f  computer modeling w i l l  be h e l p -  
f u l  t o  p r e d i c t  t h e  change-over  from laminar  t o  t u r b u l e n t  f l o w s .  Q u a l i t a -  
t i v e  o b s e r v a t i o n s  p r e d i c t  t h a t  much b e t t e r  focus ing  w i l l  be  ob ta ined  in  
space  w i t h  c e l l s  of s m a l l e r  c r i t i c a l  dimensions.  
We e x p e c t  t o  be  schedu led  f o r  a second space  exper iment ,  where a v a r i e t y  
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o f  new c e l l  c o n f i g u r a t i o n s  w i l l  be t e s t e d .  We w i l l  a l s o  t e s t  whether  t h e  
p re sence  o f  p r o t e i n s  is n e c e s s a r y  f o r  t h e  o n s e t  o f  t u r b u l e n c e .  This is 
l i k e l y ,  a s  w e  know t h a t  focused  p r o t e i n s  a r e  c h a r a c t e r i z e d  by much 
s h a r p e r  g r a d i e n t s  t h a n  p r o t e i n - f r e e  zones .  We a r e  q u i t e  convinced t h a t  
t u r b u l e n c e  is i n i t i a t e d  by t h e  p re sence  o f  t h e s e  h e t e r o g e n e i t i e s ,  b u t  
mic rograv i ty  may provide  t h e  u l t i m a t e  p r o o f .  
We b e l i e v e  t h a t  our  r e s u l t s  have s i g n i f i c a n t  consequence n o t  o n l y  f o r  
focus ing  b u t  a l s o  f o r  cont inuous flow zone e l e c t r o p h o r e s i s .  Mainly,  we 
have demons t r a t ed  t h a t  high s h e a r  is an e f f e c t i v e  means f o r  f low s t a b i l i -  
z a t i o n .  One of  t h e  b e n e f i t s  of space  o p e r a t i o n  is presumed t o  be t h e  pos -  
s i b i l i t y  o f  i n c r e a s i n g  chamber depth  by e l i m i n a t i n g  g r a v i t a t i o n a l  convec- 
t i o n .  The bene f . i t s  appear  now l e s s  c l e a r ,  a s  t h i s  w i l l  d e c r e a s e  s h e a r  and 
may a c t u a l l y  d e s t a b i l i z e  f l o w .  
P r i m a r i l y ,  however ,  we b e l i e v e  t h a t  w e  a r e  s t i l l  r a t h e r  f a r  from having 
t r u l y  opt imized  e l e c t r o p h o r e s i s  i n s t rumen t s  f o r  e i t h e r  ground-based o r  
space  o p e r a t i o n .  While s e v e r a l  of  our  i n s t r u m e n t s  a r e  q u i t e  u s a b l e  in  
ground based  o p e r a t i o n ,  none o f  them achieve  anywhere n e a r  t h e  p r o t e i n  
r e s o l u t i o n  o f  a n a l y t i c a l  g e l s .  This is t h e  u l t i m a t e  o b j e c t i v e .  W e  would 
be l e s s  t h a n  f o r t h r i g h t  i f  we would claim t o  know how t o  achieve i t ,  b u t  
we a r e  commit ted t o  pursue  i t .  
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